Nonrecombining Y-chromosomal microsatellites (Y-STRs) are widely used to infer population histories, discover genealogical relationships, and identify males for criminal justice purposes. Although a key requirement for their application is reliable mutability knowledge, empirical data are only available for a small number of Y-STRs thus far. To rectify this, we analyzed a large number of 186 Y-STR markers in nearly 2000 DNA-confirmed father-son pairs, covering an overall number of 352,999 meiotic transfers. Following confirmation by DNA sequence analysis, the retrieved mutation data were modeled via a Bayesian approach, resulting in mutation rates from 3.78 3 10 À4 (95% ) per marker per generation. With the 924 mutations at 120 Y-STR markers, a nonsignificant excess of repeat losses versus gains (1.16:1), as well as a strong and significant excess of single-repeat versus multirepeat changes (25.23:1), was observed. Although the total repeat number influenced Y-STR locus mutability most strongly, repeat complexity, the length in base pairs of the repeated motif, and the father's age also contributed to Y-STR mutability. To exemplify how to practically utilize this knowledge, we analyzed the 13 most mutable Y-STRs in an independent sample set and empirically proved their suitability for distinguishing close and distantly related males. This finding is expected to revolutionize Y-chromosomal applications in forensic biology, from previous male lineage differentiation toward future male individual identification.
Introduction
The nonrecombining part of the human Y chromosome (NRY) is widely used in human population 1 and forensic genetics 2 because it shows a male inheritance and substantial structuring in human populations. 3 With its particular susceptibility to genetic drift caused by low effective population size 4 and the additional influence of patrilineal cultural practices, [5] [6] [7] the NRY provides the strongest genetic differentiation over geographic distance when compared with other parts of the genome. 8, 9 This has made the NRY exceptionally valuable for the reconstruction of human population history, 9,10 including estimation of demographic parameters, 11 as well as for genealogical relationships 12 and male lineage determination in forensic applications. [13] [14] [15] However, all inferences from NRY data need to apply a specific set of models for both the mutation process and the mutation rate assumed to underlie the particular NRY markers used. 16 Commonly, Y-chromosomal microsatellite or short tandem repeat (Y-STR) variation is used to infer temporal and spatial origins of the Y chromosome, particularly the nodes of a phylogenetic tree constructed from single-nucleotide polymorphism (SNP) or DNA sequences. 17, 18 As such, evolutionary inferences on timescales of tens to hundreds of generations, as usually applied, are highly dependent on the accuracy of the Y-STR mutation rate estimates used. Furthermore, for forensic applications of Y-STRs such as paternity testing, including deficiency cases involving male offspring and deceased alleged fathers, 19 accurate knowledge of the mutability of the applied Y-STRs is needed to obtain reliable paternity probabilities. Such knowledge is also essential in genealogical studies aiming to establish the relationship between putatively closely or distantly related males.
pedigrees (both deep-rooting and immediate families) or observed repeat variation between isolated human populations has been used to estimate Y-STR mutation rates. [20] [21] [22] However, population diversity-based estimates are often indirectly assumed with the help of calibration dates from other sources, such as archeological investigations. 23 Usually, and for the limited set of Y-STRs studied so far, resulting rates are a magnitude lower than family-based rates, which is explained by noninclusion of multistep mutations and back mutations, as well as variation in calibration dates. 23 The more accurate method of estimating Y-STR mutation rates is the direct observation of transmission between father and son, as long as large numbers of genetic transfers (meioses) are covered by testing a large number of father-son pairs. However, reasonably large family data are only available for a small number of particular Y-STRs often used for forensic purposes. [24] [25] [26] [27] [28] A recent large study on 17 Y-STRs, which also provided a summary of the most relevant published data covering over 135,000 meiotic transfers, revealed variation in the mutation rates between loci of about 1 magnitude from 2 3 10 À4 (95% credible interval [CI], 2 3 10 À5 to 8 3 10 À3 ) to 6.5 3 10 À3 (2.3 3 10 À3 to 1.3 3 10 À2 ) per locus per generation. 28 Such noticeable variation in mutation rates between just 17 loci predicts that even higher variation in mutation rates will be found when increased numbers of Y-STRs are examined. However, the lack of reliable mutation rate data for most of the currently known Y-STRs 29 precludes their accurate use for evolutionary inference of population parameters, as well as for others, such as forensic applications. Just as there is a lack of accurate mutation rate data, there is a lack of consensus regarding the molecular causes of Y-STR mutations because of the limited number of loci studied thus far. Although most research on autosomal STRs confirms that the stepwise mutation model (SMM) 30 is too simplistic to explain the lack of long STRs, questions remain about the exact mechanism in operation for STRs in general. Mutation biases between alleles are commonly observed, with increasing repeat numbers increasing the probability of mutation. [31] [32] [33] A proportional bias of expansion versus contraction mutations appears to operate, with longer alleles tending to contract and vice versa, [32] [33] [34] although the strength of this relationship is uncertain. It has also been postulated that point mutations play a large role in maintaining a stationary distribution of allele lengths, preventing the infinite growth of repeat segments. [35] [36] [37] [38] More recently, the sequence motif itself has been suggested as a major contributing factor to the differences in mutation rates between loci, with specific motifs appearing to mutate more rapidly, 38 with higher heterozygosities between human populations 39 and greater sequence diversity between humans and chimpanzee STRs. 40 However, most conclusions regarding the causes of STR mutation have been formed from either comparative genomic analyses 35, 37, 40 or indirect polymorphism analyses, 31, 39 both of which may miss substantial numbers of mutations. Instead, sequence-based analysis of a large number of Y-STR mutations would allow a more direct investigation of the molecular processes in action. The strict paternal inheritance of STRs on the NRY allows the unequivocal determination of the mutational event in father-son pair studies, which is difficult for autosomal STRs in family studies. Thus, using Y-STRs allows the retrieval of more accurate knowledge about STR mutability in general. Furthermore, Y-STR markers currently applied to evolutionary, genealogical, and forensic studies have low to midrange mutation rates, 27, 28 which makes them ideal tools to distinguish male lineages (i.e., groups of closely and distantly related males sharing almost identical Y chromosomes) in applications involving comparatively recent timescales. 12, 15 However, these particular Y-STR markers usually fail to differentiate members of the same male lineage, and as such, the current forensic use of NRY suffers from the strong limitation that conclusions cannot be made on an individual level, as is usually required in forensic investigations. Also, for microevolutionary studies, investigating male genealogies for historical and other purposes, 12 or for investigating histories of populations that underwent strong bottleneck or founder effects, 9,41 the amount of diversity offered by currently used Y-STRs with midrange mutation rates is usually not sufficient. One could speculate that if Y-STRs with substantially higher mutation rates than are currently known for the limited number of markers investigated were available, it may become possible to differentiate male relatives at the individual level, which would solve the current dilemma of Y chromosome applications in forensics.
To address three main issues-(1) the lack of knowledge on Y-STR mutability based on a reasonably large number of loci, as required for evolutionary and genealogical applications, (2) the limited knowledge about the molecular basis of Y-STR mutability, and (3) the lack of Y-STRs for familial differentiation in forensic, genealogical, and particular population applications-we have investigated 186 Y-STRs in~2000 DNA-confirmed father-son pairs. We not only describe in this study mutation rates and characteristics for the largest number of different Y-STRs ever studied so far, including the first mutation rate estimates for most of these markers, but we also use the diversity and DNA sequence data generated for all loci to investigate the underlying causes of Y-STR mutability. Finally, we empirically tested the suitability of the identified most mutable Y-STRs for male relative differentiation, as well as their implication for Y chromosome applications in forensic science.
Material and Methods

DNA Samples
All father-son pairs used in the mutation rate study were confirmed in their paternity by molecular analyses, utilizing autosomal STRs, Y-STRs, HLA and RFLP genotyping, and blood grouping, in addition to familial or governmental documentation. A threshold for paternity probability of 99.9% was set for inclusion in the study. Samples were obtained from the Berlin, Leipzig, and Cologne areas of Germany and the Warsaw and Wroclaw areas of Poland. Whole-genome amplification (WGA) with the GenomiPhi DNA Amplification kit (GE Healthcare) was performed on the Leipzig samples because of low DNA quantities. WGA reactions were performed as recommended by the manufacturer, and products were purified with Invisorb 96 Filter Microplates (Invitek GmbH). To verify the value of the smaller set of RM Y-STRs, we obtained an additional independent set of samples from male relatives from the Greifswald, Kiel, and Berlin areas of Germany, the Leuven area of Belgium, the Warsaw area of Poland, and Canada and Central Germany, as described elsewhere. 12 All families and pedigrees were confirmed by the same methods as the father-son pairs; pairs with complete genotypes for both the rapidly mutating (RM) Y-STRs and Yfiler Y-STRs were considered for analysis, or, in the case of partial genotypes, only those that showed a mutation at one or more loci were included. The use of all samples for the purpose of this study was in agreement with the institutional regulations and was under informed consent.
Y-STR Markers and Genotyping Protocols
Y-STR markers were mostly selected from a previous study detailing a large number of 167 previously unknown Y-STRs, 29 with
the additional inclusion of Y-STRs known at the time of project commencement. 42 The focus was on single-copy Y-STR markers in order to be able to fully confirm genotype differences by DNA sequence analysis when identifying mutations. However, given our aim to find RM Y-STRs, we included some additional multicopy Y-STRs, especially those with high diversities (for which mutation confirmation was performed by independent genotyping). A complete list of loci, primer sequences, and protocols can be found in Table S1 . Multicopy Y-STR loci with three or more alleles were not able to be sequenced, but mutations were confirmed by at least two independent fragment length analysis amplifications.
Statistical Data Analyses
Mutation rates for individual markers were estimated via a binomial hierarchical Bayesian model 43 with the Marcov chain Monte Carlo (MCMC) Gibbs sampling, as implemented in WinBUGS 44 and as described in 28 . In brief, we assumed that each mutation rate could be considered as a realization of the mutation rate underlying any Y-STR. We assumed that the mutation rate q i of Y-STR i was a sample from a common population distribution defined by hyperparameters f. In that way, the estimated mutation rate of a Y-STR incorporates the information provided by the observed data on that Y-STR (number of observed mutations over all the observed father-son pairs) and the information of the mutation rate of ''the Y-STR,'' as estimated in the hyperparameter from all the Y-STRs. In practice, this implies that all Y-STRs will show a mutation rate greater than zero when estimated from the posterior distribution, but the rate will be smaller for Y-STRs where few or no mutations were observed compared to Y-STRs where large numbers of mutations were seen. The mutation rate of each Y-STR was coded in a logit form and assumed to follow a normal distribution with parameters m and t ¼ 1/s to be estimated, as well as the particular mutation rates of each STR. Because only very limited data were available prior to our study for the range of Y-STR mutation rates, we assumed diffuse, noninformative prior distributions for the hyperparameters. A noninformative prior normal distribution (m ¼ 0, t ¼ 1 3 10
À6
) was specified for the hyperparameter m, and a prior diffuse gamma distribution with parameters a ¼ 1 3 10 À5 and b ¼ 1 3 10 À5 was specified for the parameter t. Three MCMC chains that used the Gibbs sampler were generated in parallel when estimating the mutation rate for each locus, with 100,000 runs performed for each chain. Mean, median, and 95% CI were estimated from the three chains after discarding the first 50,000 runs and performing a thinning of 15 in order to reduce the amount of autocorrelation between adjacent simulations. Locus-specific differences in mutation rates between the sampling populations (Cologne, Berlin, Leipzig, Warsaw, and Wroclaw) were tested by means of a permutation analysis. The average mutation rate for each locus and each population was compared to a hypothetical permutated population in which each father-son pair had been assigned to a population at random, maintaining the original sample sizes for each locus. The number of times the permutated averaged mutation rate was larger than the observed rate was recorded and used to obtain the one-tail p value over 100,000 iterations. The lack of significant differences between populations allowed pooling of mutation rates across populations. In order to investigate the mutation rate of the Yfiler and RM Y-STR sets rather than of each marker within the set, we computed the total number of mutations observed between each fatherson pair for each set, given the number of Y-STRs analyzed. We then modeled this parameter under the Bayesian paradigm with a Poisson distribution. A prior with a Gamma distribution was used 43 with a diffuse shape of 1 and a scale of 200, implying a mutation rate with a mean of 0.005 and a variance of 40,000. The posterior distribution followed a conjugate Gamma distribution with shape of 1 þ (total number of mutations) and scale of 1/(1/(200 þ total number of markers used)). In order to estimate the probability of observing at least one mutation in each set, 100,000 Monte Carlo replicates were performed with the rgamma function of the R package (see Web Resources) from the estimated shape and scale of the posterior distribution of each set of Y-STRs. The probability of observing at least one mutation (k) within either of the Y-STR sets in any given father-son pair was directly estimated from the Poisson distribution P(
, with N representing the number of markers and m representing the average mutation rate of the set of markers obtained from the sampling from the posterior distribution.
The molecular factors determining mutation rates were modeled via a Poisson regression with in-house-developed Matlab scripts (v. 7.6.0.324, The Mathworks). The mutation rate was modeled as a function dependent on the repeat length, the sequence motif, the complexity of the locus, 29 and the length of the repeat in base pairs (tri-, tetra-, penta-, or hexanucleotide), as
where q is assumed to be dependent on the factors described above, in the form q ¼ e
, in which L represents the length of the allele (number of repeats, either of the longest homogenous array or the total locus), S represents the sequence motif (comprised of the number of A, T, C, or G nucleotides in the repeated sequence motif), C represents the complexity of the locus, either in binary or quantitative form, V is the number of variable motifs present, and R is the repeat length A stepwise regression procedure was used, with probability to enter % 0.05, probability to remove R 0.10.
For clarity, the methods used for defining and calculating the number of repeats within a locus, as well as the complexity of that locus, are elucidated below.
Locus designations were modeled after 29 , in which at least three consecutive repeats of the same motif are required to define a given repeat segment as a locus, and any interruption of more than 1 base, but less than a full unit, is classed as ending the locus. Individual Y-STR loci contained between one and five repeat blocks, for example, DYS612 with five blocks (CCT) 5 (CTT) 1 (TCT) 4 (CCT) 1 (TCT) 19 . If a locus contained more than one variable segment and repeat numbers could not be assigned to all individuals at all repeat segments accurately, the locus was removed from the regression analysis. A segment was defined as variable if a variation in repeat number was seen in any individual sequenced, relative to the remainder of the population.
Number of Repeats
The number of repeats in the longest homogenous array was directly counted, and the population average was calculated for each locus. In addition, any additional repeats around the longest array were added to calculate the total number of repeats for each locus. In the above example for DYS612, the length of the longest array is 19 and the total number of repeats is 30.
Repeat Length
The length in base pairs of the repetitive motif ranged from 3 to 6 (including tri-, tetra-, penta-, and hexanucleotide repeats). Complexity Two complexity statistics were calculated per locus. First, a binary classification system was used, in which loci with only one repetitive segment (e.g., (GATA) 10 ) were classified as simple, whereas any locus with two or more repetitive segments consisting of more than three consecutive repeats (e.g., (GATA) 10 (CATA) 3 ) was complex. Second, more quantitative information was provided by the complexity formula in Kayser et al. 29 :
where n is the total number of repeats in the locus, s i is the number of repeats of the ith sequence motif, and b i is the number of repeats in the ith block. Correlation and log-linear regression analyses were carried out in SPSS v. 15.0, as were all mean comparison tests (utilizing analysis of variance, Mann-Whitney U test, and Kruskal Wallis test).
Results
Mutation Rates of Y-STR Markers
We screened 186 tri-, tetra-, penta-, and hexanucleotide Y-STR markers 29 
Molecular Factors Influencing Y-STR Mutability
Large mutation numbers and the associated DNA sequence data also allowed us to investigate molecular factors influencing Y-STR mutability. In contrast to the mutation rates quoted above for the Y-STR markers, i.e., PCR amplicons that may include more than one Y-STR locus, we corrected in the following analyses mutation rates for the number of Y-STR copies and loci present. For example, although DYF387S1 is given a single Y-STR marker mutation rate, it has two copies, hence it consists of two Y-chromosomal loci. Because we cannot know, based on our genotyping protocol, at which locus a mutational event within such multicopy marker system occurred, we averaged the mutation rate for each copy and treated them as separate loci. Furthermore, we also separated Y-STR loci within Y-STR markers, in accordance with the rules defined by Kayser et al. 29 in which repetitive sequences that were separated by a nonrepetitive sequence of >1 bp insertion, deletion, or substitution were designated as separate loci. This was done assuming that the mutational process is independent under such criterion. This resulted in a set of 267 Y-STR loci, with 787 mutations observed across 448,824 allelic transfers used in the subsequent analyses. The effect of specific molecular features on the mutation rates of Y-STR loci was tested by means of a Poisson regression model, including (1) the average number of repeats in the longest homogenous array, (2) the effect of any additional nonvariable repeats directly surrounding the longest homogeneous array, (3) the complexity of the locus (either as a binary simple versus complex model or by using the complexity statistic described above), (4) the length in base pairs of the repetitive motif, and (5) the sequence of the repetitive motif. In cases in which two factors encompassed the same source of variation (with one factor including additional information), separate models were compared for each; for example, the repeat number of the variable repetitive array and total repeat number for the locus were not combined in the same model but were instead compared separately with the mutation rate. The majority of information regarding Y-STR locus mutation rates was contained in a model that included the total number of repeats (including both the longest homogenous repetitive array and any adjacent nonvariable repeat strings of R3 units), the length of the repetitive motif, and the quantitative complexity of the locus (c the longest homogenous array, and (2) the repeat number of the longest homogeneous array plus any nonvariable repeats immediately adjacent (in accordance with previously defined rules for motif structure 29 ). Our regression analysis showed that, although the number of repeats in the longest homogenous array did influence the mutation rate significantly, with higher numbers of repeats increasing the mutation rate (Wald c 2 ¼ 2.41 3 10 6 , p < 0.0001), including the number of nonvariable repeats surrounding the array provided slightly more accurate information to the model (Wald c 2 ¼ 3.03 3 10 6 , p < 0.0001; Figure 2 ). The effect size within the model was estimated with a partial h 2 of 0.798, indicating that the variance in the total number of repeats between loci accounts for~78% of the overall (effect þ error) variation in Y-STR mutation rates observed. In addition, a statistically significant exponential relationship was observed between the total number of repeats and the allele-specific mutation rate (R 2 ¼ 0.707, p ¼ 6.84 3 10 À9 ). In addition, there was a strong relationship between the total number of repeats and the direction of mutation (Figure 3 29 In this, all repeats within a locus were used to estimate the sequence complexity quantitatively. Loci with more blocks of different repeat motifs have higher complexities, as do loci with equal numbers of repeats between the different motifs. The total amplicon complexity provided significantly more information to the regression model than the binary classification (Wald c 2 ¼ 9.22 3 10 5 , p < 0.0001). The partial h 2 estimate of 0.644 suggests that the complexity of a locus contributes substantially to the variation in mutation rates between loci. Although the number of repeats present within a locus's longest homogenous array can be used to predict mutability, the total number of all repeats present within the locus has higher predictive value.
Figure 3. Relationship between Total Number of Repeats and Mutation Direction and Rate from 267 Y-STR Loci
Repeat loss mutations (contractions) displayed an exponential relationship with the total number of repeats, with increasing loss rates at loci with higher numbers of repeats. Repeat gain mutations (expansions) showed a weak quadratic function, with a peak in gain rate at 19 total repeats.
Length of Repetitive Motif
The third parameter influencing Y-STR mutability was the length in base pairs of the repetitive motif, with a statistically significant decrease in mutation rate as the repeat length increased ( 16 tetranucleotide motifs were absent from the Y-STRs considered here, as were 4 of the 9 trinucleotide motifs, as had been classified by Kelkar et al. 40 Because the majority (66%) of Y-STR loci examined were tetranucleotide repeats, these data were separately analyzed, providing statistically significant differences between the mutation rates of different sequence motifs (F ¼ 3.29, p ¼ 0.0003), with AAAG having the highest mutation rates (average of 3.57 3 10 À3 ), followed by AGAT (2.56 3 10 À3 ), AAAT (9.16 3 10 À4 ), and AAGG (7.2 3 10 À4 ).
Male Relative Differentiation by RM Y-STRs
We identified 13 RM Y-STR markers (all with mutation rates > 1 3 10 À2 ): DYF387S1, DYF399S1, DYF403S1, DYF404S1, DYS449, DYS518, DYS526, DYS547, DYS570, DYS576, DYS612, DYS626, and DYS627 ( Figure 1 ; Table S1 ). Four of these 13 RM Y-STR markers are multicopy systems (DYF387S1 with two copies, DYF399S1 with three copies, DYF403S1 with four copies, DYF404S1 with two copies, and DYS526 with two copies), whereas nine were singlecopy Y-STR markers (although six of these markers contained multiple Y-STR loci within the single amplicon, and only two, DYS570 and DYS576, were simple repeats, with only one Y-STR locus, respectively). ranging from 2.39 3 10 À3 to 3.72 3 10 À3 ). Next, we estimated the probability of observing at least one mutation in each of the two Y-STR sets for a given father-son pair, reflecting the minimal criteria for differentiating male relatives. Assuming that all Y-STRs per set were genotyped successfully, and using the posterior estimates of the mutation rate for each set of Y-STR markers, the probability of observing at least one mutation with the RM Y-STR set was 0.1952 (95% CI, 0.177 to 0.21). This value was more than 4 times higher than that estimated for the Yfiler set with 0.047 (95% CI, 0.038 to 0.057). The probability of observing at least one mutation with the RM Y-STR set was statistically significantly higher than for the Yfiler set (p < 5.0 3 10 À07 ). Finally, we empirically tested in samples independently of those used for mutation rate establishment whether the new RM Y-STR set is practically useful for differentiating male relatives. For this, we genotyped an additional 103 male relative pairs from 80 male pedigrees who were related by between 1 and 20 generations within their pedigrees and compared the findings with those we obtained from Yfiler in the same samples. Overall, the RM Y-STR set distinguished 70.9% pairs of male relatives by at least one mutation, reflecting a 5-fold increase in the level of male relative differentiation compared to the Yfiler set with only 13%; notably, the significant difference (t ¼ 6.389, p < 0.0001) is similar to our statistical expectations from the initial father-son pair analyses ( Figure 4 ; Table S3 ). Within the pedigrees, the RM Y-STR set distinguished 70% of father-son pairs, 56% of brothers, and 67% of cousins ( Figure 4 ; Table S3 ). In contrast, the Yfiler set was not able to differentiate any of the father-son pairs or cousins, and it only differentiated 6% of the brothers in this data set ( Figure 4 ; Table S3 ). Furthermore, all relatives separated by more than 11 generations were differentiable by one or more mutations with the RM Y-STR set, but only 33% were differentiable with the Yfiler set.
Discussion
The mutation rate knowledge we provide here for a large number of Y-STR markers in a reasonably large number of up to 2000 DNA-confirmed father-son pairs extends the range of mutation rates known for Y-STRs, particularly at the upper but also at the lower limits. This study therefore considerably increases the current knowledge of Y-STR mutation rates. The obtained average Y-STR mutation rate of 3.35 3 10 À3 across all 186 markers corresponds closely to that found by Kayser et al. 24 and Hohoff et al. 45 for a small number of Y-STRs. However, we noticed a large variation in mutation rates between Y-STR markers, which has not been observed before. This implies that the current approach of applying average mutation rates for Y-STRs is problematic, and only locus-specific knowledge should be used in subsequent applications such as evolutionary or forensic studies. The Y-STR markers included in the present study were ascertained from the literature, 29 mainly from our earlier study that described 167 Y-STR markers for the first time. 29 In this earlier study, markers were found by scanning in silico the human Y chromosome sequence for tandem repeats, with subsequent laboratory testing. No assumptions for Y-STR search were considered except a minimal homogeneous repeat number of 8 and a repeat length equal or greater than 3 (trinucleotide Y-STRs). 29 Consequently, statements about the relation between repeat number and mutability in the present study are influenced by this repeat number threshold, and statements about repeat size and mutability exclude the potential influences of dinucleotides. An additional ascertainment for the present study was that mostly singlecopy Y-STRs were used (although some multicopy Y-STRs were added, especially those that showed higher diversity values in previous studies). However, because an independent mutational mechanism of the different copies of a Y-STR marker is assumed, this should not influence the present conclusions on Y-STR mutability. A comparison of the mutation rates for the 17 Yfiler Y-STRs included here (and reported separately eslewhere 28 ), with those compiled on the YHRD website (see Web Resources) for the
From this evidence, albeit limited to only 17 Y-STRs, we may conclude that the Y-STR mutation rates estimated here from~2000 meiotic transfers per marker are reliable, including those for the remaining 169 Y-STR markers, most of which had no mutation data available before. The wide range of mutation rates observed, and the large amount of sequence data generated, allowed an in-depth investigation into the causes of microsatellite mutation at the molecular level. The model presented partly confirms previous knowledge but also extends it on the influence of specific factors. The length of the repeat was one of the first factors identified as influencing mutation rates of microsatellites, 39, 46, 47 with a strong inverse relationship observed. Although the repeat length was seen to be a significant factor in the mutability of Y-STRs in our study, the relationship was somewhat obscured by the differences in the numbers of each class of repeat, and in particular the large number of tetranucleotide loci in the set. As has been postulated for several years, the number of repeats present within a given allele has the strongest effect on the probability of a slippage mutation occurring. 24, 31, 33, 47, 48 However, in all reports, the only factor tested for influence on mutation rates was the number of repeats in the longest homogenous array. Kayser et al. 29 examined the effect of surrounding repeats on the observed variance of Y-STR loci, but in contrast to results presented here found that the longest homogenous array length was more strongly correlated. However, they used repeat variance as an indirect measure of mutation rate, whereas in the current study we directly applied experimentally derived mutation rate estimates, expected to provide more accurate answers. In addition, only simple repeats are most commonly included in the analyses, because complex repeats can be difficult to classify without extensive sequence data. Because of the large number of complex loci and the extensive sequencing performed, we were able to comprehensively analyze the effect of imperfect repeats and highly complex surrounding sequence on the STR mutation process. This has enabled us to present evidence that the imperfect repeat stretches also play a significant part in the mutability of a given Y-STR. The high estimate of the effect size (78%) underlines the major role that this factor plays in Y-STR mutability, and similar effects are expected for STRs in general. Related to the total number of repeats within an STR locus is the complexity of the repeat motifs. The complexity statistic developed by Kayser et al. 29 incorporates information regarding the number of different motifs in the locus and the number of different blocks of repeats of the same motif. When all the repeats within a locus are included, a significant positive correlation is seen between the complexity and the mutation rate. This is contrary to established theory, because interruptions within repeat arrays have long been thought to decrease mutation rates. 49, 50 However, when allele-specific Y-STR mutation rates are compared between matched simple and complex loci (for alleles with 8-16 repeats in the longest homogenous array), no significant difference is found (p ¼ 0.594). Even when the Y-STR mutation rates are compared between allele lengths based on the total numbers of repeats, the two repeat classes have similar mutation rates, despite comparing the longest (and thus most mutable) simple repeats with the smallest complex repeats. This would indicate that interruptions do not decrease mutation rates, provided there are sufficient repeats present in the two resulting blocks to maintain a similar level of mutability. Instead, it seems likely that the imperfect repeats surrounding the main array create increased levels of secondary structure within the STR region, increasing the probability of a strand mispairing occurring. Secondary structure, caused by different motifs, was seen to have a large effect on the length distributions of STRs within the human genome, leading to the hypothesis that base stacking within repeats plays a key role in the formation and maintenance of repetitive segments. 51 Although the Y-STRs studied here did not allow us to observe a significant effect of the sequence motif on the mutation rate, the motifs with strong purine:pyrimidine asymmetries (such as AAAG, AGAT, and AAGG) showed higher variance and diversity, suggesting that this may indeed play a role in increasing repeat lengths. Key evidence for the strong effect of the three factors identified to mostly determine Y-STR mutability (repeat length, total repeat number, and total complexity) is seen by examining the 13 RM Y-STRs. The average total repeat number for RM Y-STRs, at 32.8, is more than 2 times greater than for the remaining 173 Y-STRs (15.5). Complexity in RM Y-STRs is increased 2.7-fold, and two population-based estimates, repeat variance and diversity, are also more than doubled in the RM set, compared with the remaining Y-STRs. Thus, it would appear that when optimal levels of the three key parameters are present, the mutability of a given Y-STR can increase by an order of magnitude or more. The elucidation of the features of these rapidly mutating loci, namely small repeat length, high numbers of repeats, and high complexity, may allow the identification of autosomal RM STRs, to complement the RM Y-STRs identified here, for use in downstream applications. The identification of factors influencing the mutation of STRs on the Y chromosome allows the examination of the various models of microsatellite evolution that have been proposed. The majority of our data is in line with the classical SMM, because we observed 96% of the Y-STR mutations representing single-repeat changes. However, the 4% of the mutations observed as multistep also provide evidence that the SMM does not cover all of Y-STR mutability. The clear bias in mutation rates between allele lengths and the excess of contraction mutations in longer alleles suggests that the modified SMM, as suggested by Xu et al. 34 and others, is necessary to obtain the finite distributions of alleles that we and others have observed.
However, the mutation bias model is not the only theory for explaining microsatellite evolution. Bell and Jurka 52 and Kruglyak et al. 36 proposed point mutations as an additional mechanism to ensure a stationary distribution of alleles. As the repeat length increases, the probability that a point mutation will occur, thus splitting the repeat into two separate blocks, increases. Thus, with the decreased length of the homogenous array, the mutation rate is expected to slow down, preventing infinite growth of the microsatellite. There have been suggestions that the point mutation rate in microsatellites is approximately twice that of nonrepetitive DNA. 38 However, within this study, no point mutations were observed between the sequenced father-son pairs, and only one Y-STR was observed with a variable SNP in the repeat region (DYS624). Thus, it would seem that, although point mutations are important on evolutionary timescales for maintaining repeat lengths (as evidenced by the high complexity of many STRs), they operate considerably more slowly (by an order of magnitude or more) than the slippage bias mechanism.
We also compared the Y-STR mutation rates obtained here to published autosomal mutation rates, aiming to test the possible effect of recombination on STR mutability. Because of the increased mutation rates observed in males, 53 only data from male autosomal meioses [54] [55] [56] were used, and only tri-, tetra-, and pentanucleotide repeats were compared. No significant differences between autosomal and Y-STR mutation rates were found (Z ¼ À0.211, p ¼ 0.833), confirming previous observations that recombination plays a little part in the mutation processes of STR loci. 24, 57, 58 With this study, we provide mutation rate estimates for a large number of Y-STR markers. These mutation rate estimates are now available for application in studies that use these Y-STRs, e.g., to address questions of human population and evolutionary history or genealogy or to address questions in the forensic context. The extremely high mutation rates of the RM Y-STRs confer substantial power to differentiate between male relatives. Although all mutation rates reported here were estimated from European populations, diversity values of the RM Y-STRs do not show any significant differences between Europeans and other worldwide groups (unpublished data). Therefore, it may be expected that the extraordinary mutational features of the RM Y-STRs, as described here for Europeans, also hold true for other populations, although mutation rate studies in additional populations will need to be carried out in the future. Commonly used Y-STR sets such as Yfiler, with lower average mutation rates, have shown reduced abilities to reliably differentiate between close male relatives, 12, 20 as confirmed here. Although Y-STRs with slower mutation rates are useful for evolutionary and genealogical studies, as well as for paternity testing in deficiency cases with unavailable fathers and male offspring, applications for Y-STRs also exist in which the resolution of Y chromosome haplotyping needs to be finer than tens of generations, such as in forensics, and RM Y-STRs will be beneficial. Hence, the mutation rate knowledge we provide here for a large number of Y-STRs allows the future selection of the most suitable set of Y-STRs, with the most appropriate lineage differentiation level, to be tailored to the application at hand. One such example is forensic identification of males, in which individual conclusions are of vital importance but cannot be achieved with the currently available Y-STR sets because of the low underlying mutation rates. The practical ability of the new RM Y-STR set to differentiate male relatives was aptly shown by the high levels of mutations within the pedigrees, allowing over 70% of relatives to be separated (compared with only 13% with the commonly used Yfiler Y-STRs). It should be noted that, because of multiplex failure and/or sample degradation, we had to exclude 58 additional pairs of relatives from the analysis in which at least one marker failed to amplify, together with no mutation being observed in those markers that were successfully genotyped. Although genotyping failure is not expected to be correlated with mutations, this procedure may have produced a bias. This may explain the comparatively high differentiation rate between fathers and sons in the additional families and pedigrees, which is~3-fold greater than expected from our simulation analyses based on the data from the initial set of~2000 father-son pairs (for which different multiplex assays with lower failure rates were applied). However, the high rate of differentiation between male relatives, even with the suboptimal success rate of the multiplex assays used, suggests that this set of RM Y-STRs is highly useful for individualizing male lineages via Y chromosome analysis. In the future, more efficient multiplex assays for the RM Y-STRs introduced here will be developed to take full advantage of the marker properties for male relative differentiation. We see two scenarios for the application of RM Y-STRs in forensic DNA analysis. First, they may be applied to cases with a specific hypothesis about the involvement of related males, such as rape cases with several related perpetrators, in which autosomal STR profiling and conventional Y-STR profiling are usually not informative. Second, and quantitatively more importantly, they may be applied to all forensic cases in which conventional Y-STR (e.g., Yfiler) profiling was applied but did not provide an exclusion constellation. In such cases, the question remains of whether the same man or different but related men were involved; subsequent analysis of the RM Y-STR set we introduce here will provide further evidence for answering this question.
In conclusion, we present mutation rate estimates for the largest number of 186 Y-STRs available to date and with the confidence provided from~2000 meiotic transfer studies at each marker that we make available for future studies. With the knowledge provided here, it will now be possible for researchers to select a custom set of Y-STRs suitable for various applications, such as slowly mutating Y-STRs for evolutionary studies, medium-mutating Y-STRs for population history and genealogy studies, and rapidly mutating Y-STRs for microevolutionary studies, for investigating histories of populations that have experienced bottleneck or founder histories, and for forensic applications. The evolutionary mechanisms driving the increased mutation rates at these markers revolve around the repeat length, the total number of repeats present in a locus, and the complexity of the repeat motif and surrounding sequence. Beyond Y-STRs, our findings are expected to be relevant for understanding microsatellite evolution in general. These data have also allowed us to identify 13 Y-STR markers with exceptionally high mutability (termed RM Y-STRs), which provides greatly increased male relative differentiation and will shift forensic Y chromosome analysis from previous male lineage differentiation toward future male individual identification.
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